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ABSTRACT  A  large  percentage  of  persons  with  traumatic  brain  injury  incur  some  type  of  vestibular  dysfunction 
requiring  vestibular  physical  therapy.  These  injuries  may  affect  the  natural  ability  to  stabilize  the  head  while  walking.  A 
simple  method  of  utilizing  motion  capture  equipment  to  measure  head  movement  while  walking  was  used  to  assess 
improvements  in  head  stabilization  of  persons  undergoing  computerized  vestibular  physical  therapy  and  virtual  reality 
training  for  treatment  of  their  vestibular  problems.  Movement  data  from  the  head  and  sacrum  during  gait  were  obtained 
over  several  visits  and  then  analyzed  to  determine  improved  oscillatory  head  movement  relative  to  the  sacrum.  The  data 
suggest  that,  over  time  with  treatment,  head  stabilization  improves  and  moves  toward  a  pattern  similar  to  that  of  a  healthy 
control  population.  This  simple  analysis  of  measuring  head  stability  could  be  transferred  to  smaller,  portable  systems  that 
are  easily  utilized  to  measure  head  stability  during  gait  for  use  in  gait  assessment  and  physical  therapy  training. 


INTRODUCTION 

Head  stabiliz.ation  is  the  active  process  of  keeping  the  head 
oriented  in  an  equilibrium  position  during  a  particular  activ¬ 
ity.  Normally,  when  a  person  walks,  the  body  adjusts  to 
reduce  movement  of  the  head  (Fig.  I).1  This  helps  to  main¬ 
tain  balance  and  reduce  the  eye  motion  needed  to  keep 
images  focused  and  steady.  Because  of  the  functional  impor¬ 
tance  of  head  stability,  accelerations  and  vertical  translations 
are  smaller  at  the  head  when  compared  to  die  pelvis,  trunk, 
and  neck.2^4  This  relative  stability  of  the  head  allows  the 
visual  and  vestibular  systems  to  maintain  a  constant  height 
above  the  ground  while  walking.5  Previous  research  has 
shown  that  decreased  head  stability  can  occur  from  both  path¬ 
ologic  and  nonpathologic  variables  when  standing  or  walk¬ 
ing.  Nonpathologic  conditions  include  changes  in  walking 
speed,6  joint  fatigue,4  or  age.7  Pathologic  conditions  include 
gait  following  stroke,14  visual  impairments,  and  vestibu¬ 
lar  dysfunction. 10-12 

In  a  recent  report,  over  250,000  U.S.  military  personnel 
have  been  reported  to  have  had  some  type  of  traumatic  brain 
injury  (TBI)13  between  2000  and  2012,  with  many  blast 
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related,  but  others  as  a  result  of  motor  vehicle  accidents  and 
falls.  Over  82%  of  these  injuries  are  classitied  as  a  mild  TBI 
(mTBI),13  which  is  defined  as  an  injury  to  the  head  as  a  result 
of  blunt  trauma  or  acceleration  or  deceleration  of  forces  that 
result  in  any  period  of  transient  confusion,  disorientation,  or 
impaired  consciousness;  dysfunction  of  memory  around  the 
time  of  injury:  observed  signs  of  other  neurological  or  neuro¬ 
psychological  dysfunction:  or  loss  of  consciousness  lasting 
less  than  30  minutes.14  Some  people  may  be  unaware  that 
they  have  a  mTBI  which  affects  them,15  but  the  effects  of 
blast  trauma  are  wide  reaching  and  affect  many  functional 
systems  including  vision,  concentration,  and  learning.  These 
injuries  may  impede  sensory  integration  that  interferes  with 
the  ability  to  ambulate  without  imbalances  or  the  need  for 
aids  or  corrective  devices.  Lack  of  stability  may  increase 
risks  of  falls  and  further  injury,  or  at  the  least,  impair  their 
ability  to  recover  sufficient  function  needed  to  return  to  duty. 

This  study  proposes  to  help  understand  stability  and  ambu¬ 
lation  of  persons  with  mTBI  using  simple  measurements  of 
head  stabilization  in  the  sagittal  plane.  Changes  in  stabilization 
of  the  head  could  be  correlated  to  successful  rehabilitation  and 
improvement  in  ambulation.  Ultimately,  it  is  hoped  that  exam¬ 
ination  of  this  type  of  data — for  differences  in  head  stability  in 
these  individuals  compared  with  a  healthy  control  group — 
might  lead  to  a  useful  clinical  tool  that  requires  no  baseline 
metric  obtained  preinjury  for  screening  of  vestibular  dysfunc¬ 
tion  in  persons  receiving  gait  assessments. 

METHODS 

Patient  Population 

Subjects  were  recruited  at  Naval  Medical  Center  San  Diego’s 
(NMCSD)  Comprehensive  Combat  and  Complex  Casualty 
Care  (C5)  facility.  Subjects  were  NMCSD  patients  (age  23- 
42  years)  having  a  mTBI  that  occurred  within  the  past  year  and 
who  presented  at  the  physical  therapy  clinic  for  vestibular 
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FIGURE  1.  Example  of  head  motion  data  captured  during  a  gait  cycle 
(adapted).1  The  dark  line  represents  the  average  across  subjects,  and  the 
lighter  lines  represent  ±1  SD. 

physical  therapy.  Brain  injury  was  previously  diagnosed  by 
attending  physicians  from  one  of  (he  U.S.  service  branches. 
NMCSD  patients,  who  had  severe  limits  to  mobility  (i.e.,  who 
could  not  walk  without  use  of  a  walker,  cane,  prosthesis,  or 
orthosis),  visual  dysfunction  in  which  they  could  not  view  the 
screen  used  during  rehabilitation,  or  were  unable  to  tolerate  a 
6-week  exercise  program,  were  excluded  from  the  study. 
Those  using  a  prosthesis  or  orthosis  were  not  included  for  this 
head  stabilization  analyses  as  it  would  potentially  add  more 
variation  to  head  stabilization  than  the  vestibular  dysfunction 
itself.  Volunteers  gave  written  infonned  consent  in  accordance 
with  NHRC’s  Institutional  Review  Board. 

Participants  underwent  a  6-week.  12-session  vestibular 
physical  therapy  program  utilizing  NMCSD’s  C5  Physical 
Therapy  Department  as  well  as  Naval  Health  Research  Cen¬ 
ter’s  (NHRC)  Computer  Assisted  Rehabilitation  Environment 
(CAREN)."’17  Twice  weekly  sessions  were  arranged  so  that 
1  session  each  week  was  at  NMCSD  and  the  other  was  on 
the  CAREN  at  NHRC.  Exercises  integrated  somatosensory, 
visual,  and  vestibular  systems,  as  well  as  some  training  with 
cognitive  tasking.  The  vestibulo-ocular  reflex,  cervico-ocular 
reflex,  depth  perception,  somatosensory  training,  dynamic 
gait,  and  aerobic  function  were  targeted  using  tasks  such  as 
treadmill  walking,  head  turning,  and  exercises  requiring  the 
subject  to  move  up  and  down.  Exercise  difficulty  within  the 
C5  clinic  at  NMCSD  was  increased  by  narrowing  the  base 
of  support,  utilizing  uneven  surfaces,  performing  with  eyes 
closed,  and  increasing  the  velocity  of  the  head  or  target  object 
motion.  CAREN  treatment  included  interactive  applications 
that  utilized  platform  lilts  and  shifts  while  the  subject  walked 
on  the  treadmill  and  was  given  cognitive  tasks  such  as  the 
Stroop  test,  math  equations,  and  target  acquisition.  Difficulty 


increased  by  increasing  treadmill  speed  or  walking  time, 
adding  additional  cognitive  tasks,  and  increasing  platform 
motion.  Therapy  sessions  at  each  site  lasted  approximately 
20  to  30  minutes. 

Head  stabilization  measurements  were  acquired  when  sub¬ 
jects  attended  a  CAREN  session.  Gait  data  were  acquired 
while  the  patient  walked  on  the  CAREN  treadmill  at  their 
self-selected  walking  speed.  Walking  speed  was  set  by  the 
subject  using  a  wireless  hand  controller  to  increase  or  decrease 
the  treadmill  speed  until  a  comfortable  speed  was  achieved 
that  the  subject  could  walk  at  for  around  5  minutes.  Subjects 
were  able  to  become  comfortable  with  their  environment  and 
system  before  data  were  collected.  Motion  capture  data  were 
collected  using  a  12-camera  Raptor-E  optical  motion  capture 
system  (Motion  Analysis  Corporation,  Santa  Rosa,  California) 
recorded  at  120  Hz.  Position  data  were  collected  from  reflec¬ 
tive  markers  placed  on  the  front  (middle  of  forehead)  and  back 
(at  the  same  vertical  level  from  the  front  head  marker  when  the 
subject  was  looking  straight  ahead)  of  the  head  as  well  as  the 
sacrum.  Marker  data  were  also  collected  from  heel  (middle  of 
the  calcaneus),  toe  (head  of  fifth  metatarsal),  and  lateral 
malleolus  markers.  Ground  reaction  forces  from  force  plates 
under  each  belt  (left  and  right)  of  the  split  belt  treadmill  were 
used  to  distinguish  initial  contact  and  toe-off  times  for  deter¬ 
mining  gait  cycles.  Approximately  10  to  15  seconds  of  data 
were  obtained.  Data  were  analyzed  at  three  time  points  during 
the  therapy — week  1  (T1 ),  week  3  (T2),  and  week  6  (T3) — to 
measure  changes  in  head  stabilization  over  time. 

For  a  comparison  to  a  currently  used  clinical  measurement 
used  to  assess  improvements  in  vestibular  function,  the  Func¬ 
tional  Gait  Assessment  (FGA)  score  was  also  obtained  at  the 
same  three  time  points.  This  test  assesses  postural  stability 
during  a  10-item  walking  task  (e.g.,  walking  with  changing 
speeds,  walking  backward,  gait  with  eyes  closed),  each  item 
scored  on  an  ordinal  scale  from  0  to  3.  The  maximum  total 
score  on  the  test  is  30. 

Control  Group 

Head  stabilization  data  from  a  noninjured  control  group  were 
also  obtained  to  compare  with  the  vestibular  group.  The  con¬ 
trol  subjects  had  no  prior  TB1  or  head  injury  reported  or 
known  musculoskeletal  injuries  or  surgeries  affecting  their 
gait.  They  were  asked  to  choose  a  comfortable  self-selected 
walking  speed  (using  a  wireless  hand  controller)  while  walking 
in  a  virtual  hallway  scene  in  the  CAREN.  Subjects  were  able  to 
become  acclimated  to  their  environment  and  system  before 
data  were  collected,  approximately  5  to  10  minutes,  similar 
times  to  those  reported  for  walking  on  treadmills 18-20  and 
within  virtual  reality  environments.  “  Similar  motion  capture 
data  from  the  head  and  sacrum,  as  well  as  feet  and  ground 
reaction  forces  were  acquired  as  described  for  the  vestibular 
patient  group.  Data  were  obtained  at  only  one  time  point  for 
the  control  group.  Volunteers  gave  written  informed  consent  in 
accordance  with  NHRC’s  Institutional  Review  Board. 
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Data  Analyses 

Motion  capture  positional  marker  data  were  filtered  using  a 
fourth-order  bidirectional  low  pass  Butterworth  filter  with  cut¬ 
off  frequency  at  6  Hz  (Visual  3D,  C- Motion,  Germantown, 
Maryland).  Overall  head  position  (OHP,  or  generalized  sagit¬ 
tal  head  angle)  was  determined  as  the  vertical  component  of 
the  difference  between  the  position  of  the  front  head  marker 
and  the  back  head  marker.  This  value  was  compared  with  the 
vertical  position  of  the  sacral  marker,  which  is  representative 
of  the  body’s  center  of  mass  (BCOM).  Position  data  for  the 
walking  trials  were  averaged  over  a  full  gait  cycle  (heel 
contact  to  ipsilateral  heel  contact)  for  each  subject,  and  time 
in  the  gait  cycle  (as  a  percentage  of  the  full  gait  cycle)  at 
which  the  maximum  sacral  position  and  minimum  overall 
head  position  occurred  were  obtained.  To  separate  data 
between  deficient  and  nondeficient  side,  data  for  the  first  half 
of  each  gait  cycle  were  analyzed  for  the  left  and  right  sides  of 
each  subject  and  categorized  as  stepping  with  the  side  with 
vestibular  deficiency  (determined  using  Dynamic  Visual 
Acuity  Test  results  within  the  subject's  medical  record)  or 
nondeficient  side.  The  absolute  values  of  the  difference  in 
timing  between  the  sacral  maximum  and  the  OHP  minimum 
were  termed  “OHP  offset”  and  were  used  as  a  measure  of 
how  “out-of-phase"  the  two  movements  were.  Values  were 
obtained  for  each  subject  during  each  gait  cycle,  and  mean  ± 
standard  deviation  (SD)  values  were  calculated  for  each  sub¬ 
ject.  Amplitude  ranges  for  OHP  and  sacral  positions  were 
calculated  for  each  subject  by  subtracting  the  lowest  value  of 
each  measure  from  its  highest  value  through  the  first  50%  of 
the  gait  cycle.  Mean  data  for  all  subjects  were  then  calculated 
from  these  data. 

Statistical  Analyses 

A  two-factor  repeated-measures  analysis  of  variance  was 
conducted  to  compare  the  differences  in  head  and  sacral 
motion  peak  timing  over  the  gait  cycle  as  well  as  the  OHP 
offset  for  the  vestibular  group.  The  two  independent  variables 
were  time  (Tl,  T2.  and  T3)  and  side  (side  with  vestibular 


deficit,  nondeficient  side).  Independent  samples  /-tests  were 
conducted  to  compare  differences  in  head  and  sacral  motion 
peak  timing  over  the  gait  cycle  as  well  as  the  OHP  offset 
between  the  vestibular  group  (for  each  time  point)  and  the 
control  group.  A  Pearson  product-moment  correlation  analy¬ 
sis  was  performed  between  OHP  offset  and  FGA  scores  col¬ 
lected  at  all  time  points  to  determine  if  a  relationship  existed 
between  the  two  measures.  Standard  statistical  software 
(IBM  SPSS,  Armonk.  New  York)  was  used.  Statistical  sig¬ 
nificance  was  defined  as  p  <  0.05. 

RESULTS 

Data  from  10  male  military  members  (mean  ±  SD  age:  31.3  ± 
5.9  years:  mean  ±  SD  height:  1 73.5  ±  8.5  cm;  and  mean  ±  SD 
weight:  87.1  ±  12.5  kg)  with  diagnosis  of  vestibular  disorder 
as  a  result  of  mTBl  were  examined.  Individual  characteristics 
for  each  patient  including  the  number  of  days  since  injury 
and  stall  of  the  intervention  (at  Tl  ),  as  well  as  main  side  of 
vestibular  deficiency  and  mechanism  of  injury  are  reported 
in  Table  I.  Control  group  data  were  obtained  from  15  healthy, 
active  duty  male  military  personnel  (mean  +  SD  age:  30.9  ± 
6.5  years,  mean  ±  SD  height:  175.6  ±  9.1  cm.  and  mean  ±  SD 
weight:  81.1  ±  13.3  kg). 

Amplitude  Ranges  and  Walking  Speed 

Mean  amplitude  ranges  for  the  vestibular  group’s  sacral 
marker  movement  were  less  than  those  of  the  control  group, 
though  the  amplitudes  increased  and  moved  closer  to  the 
control  group  over  the  3  time  points.  Mean  ±  SD  amplitude 
ranges  of  the  sacral  marker  movement  were  as  follows:  Tl  = 
1.2  ±  0.7  cm,  T2  =  2.6  ±  1.1  cm,  T3  =  2.9  ±  1.0  cm,  and 
control  =  2.8  ±  0.6  cm.  Mean  amplitude  ranges  of  the  vestib¬ 
ular  group’s  OHP  decreased  over  time  and  also  approached 
the  values  measured  in  the  control  group;  mean  ±  SD  ampli¬ 
tude  ranges  were  0.48  ±  0.35  cm,  0.58  ±  0. 19  cm,  0.37  ±  0.28 
cm,  and  0.40  ±  0.22  cm,  for  Tl,  T2,  T3,  and  control,  respec¬ 
tively.  Additionally,  mean  walking  speeds  of  the  vestibu¬ 
lar  group  approached  those  of  the  control  group — starting  at 


TABLE  I.  Individual  characteristics  lor  each  patient  participating  in  vestibular  therapy  study.  Side  of  vestibular  deficiency  (L  =  left,  R  = 
right)  was  determined  using  Dynamic  Visual  Acuity  Test  results.  Mechanism  of  injury  was  either  due  to  motorcycle  accident,  improvised 
explosive  device  (IED),  fall,  concussion  while  playing  a  sport,  or  motor  vehicle  accident  (MVA). 


Sex 

Age  (Years) 

Height  (cm) 

Weight  (kg) 

Days  Since  Injury  and  Start 
of  Intervention  (T  1 ) 

Side  of  Vestibular 
Deficiency 

Mechanism 
of  Injury 

Patient  01 

M 

27 

180.34 

88.5 

123 

R 

Motorcycle  Accident 

Patient  02 

M 

37 

175.26 

75.3 

153 

L 

IED 

Patient  03 

M 

27 

185.42 

120.2 

263 

R 

Fall 

Patient  04 

M 

29 

160.02 

81.6 

85 

R 

Motorcycle  Accident 

Patient  05 

M 

23 

165.10 

83.9 

316 

L 

Motorcycle  Accident 

Patient  06 

M 

31 

167.64 

77.1 

197 

R 

Fall 

Patient  07 

M 

33 

167.64 

82.6 

266 

L 

Fall 

Patient  08 

M 

42 

175.26 

89.8 

105 

R 

MVA 

Patient  09 

M 

27 

172.72 

86.2 

259 

R 

Fall 

Patient  10 

M 

37 

185.42 

86.2 

124 

L 

Sport 

Mean  (SD) 

31.30  (5.89) 

173.48  (8.56) 

87.14  (12.5(1) 

189.10(81.82) 
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0.65  m/s  at  Tl.  increasing  to  0.81  m/s  at  T2,  and  measuring  at 
1.01  m/s  at  T3.  Control  group  velocity  was  1.1 1  m/s. 

Timing  of  OHP  and  Sacral  Peaks 

Mean  values  of  timing  (as  a  percent  of  the  gait  cycle)  at 
which  the  maximum  vertical  sacral  position  and  minimum 
vertical  OHP  position  as  well  as  the  OHP  offset  for  each 
subject  groups  are  reported  in  Table  II.  For  the  control  group, 
sinusoidal  motion  of  OHP  was  observed  as  it  moved 
antiphase  to  the  vertical  motion  of  the  body  (Fig.  2).  Mini¬ 
mum  OHP  occurred  at  approximately  the  same  time  in  the 
gait  cycle  (around  35%)  as  the  maximum  vertical  position  of 
the  sacral  marker  in  the  control  group.  In  comparison,  for  the 
vestibular  group,  mean  time  for  minimum  OHP  values  varied 
between  25%  and  32%,  whereas  the  sacral  maximum  values 
occurred  around  34%  to  37%  (Fig.  3).  Mean  time  of  OHP 
minimum  occurred  earlier  in  the  gait  cycle  than  timing  of 
sacral  maximum  for  the  vestibular  patients.  For  deficient  and 
nondeficient  steps  of  the  vestibular  group,  neither  the  OHP 
minimum  nor  sacral  maximum  timings  were  statistically 
different  between  the  three  time  points. 

Independent  samples  /-tests  were  conducted  to  compare 
timing  of  the  sacral  maximums  as  well  as  OHP  minimums 
between  the  control  group  and  vestibular  group  at  each  time 
point.  For  the  side  with  vestibular  deficit,  no  significant  dif¬ 
ferences  were  found  for  maximum  vertical  sacral  position 
between  the  two  groups.  For  the  nondeficient  side,  significant 
differences  were  only  observed  at  T3  [t(23)  =  2.491,  p  = 
0.022],  The  magnitude  of  the  differences  in  the  means 
was  relatively  large  (Cohen’s  tl  =  1.1016).  Minimum  ver¬ 
tical  OHP  position  was  significantly  different  between  groups 
for  all  time  points  for  the  side  with  vestibular  deficiency: 
Tl  [t(23)  =  4.030,  p  =  0.006],  T2  [t(23)  =  3.684.  p  =  0.001  ], 
and  T3  [t(23)  =  2.525.  p  =  0.019],  The  magnitude  of  the 
differences  in  the  means  was  relatively  large  for  all  time  points 
(Cohen’s  d  is  1 .499  at  Tl,  1 .432  at  T2,  and  0.979  at  T3).  OHP 
minimums  were  not  significantly  different  at  Tl  when  walking 
on  the  nondeficient  side  ]t(23)  =  -2.568,  p  =  0.051  ],  but  was 
significant  at  T2  ft(23)  =  3.499,  p  =  0.01 1  ]  and  T3  (t(23)  = 


%  Gait  Cydo 


FIGURE  2.  Control  group  sacral  and  overall  head  position  (OHP)  move¬ 
ments  over  the  gait  cycle. 

3.704,  p  =  0.008],  Large  effect  sizes  were  observed  for  these 
lime  points  (Cohen’s  d  is  1.316  at  T2  and  1.405  at  T3). 

OHP  Offset 

The  OHP  offset  displayed  more  changes  between  groups. 
There  was  little  variability  between  control  subjects — timing 
offsets  between  head  and  sacral  marker  for  individuals 
ranged  between  1 .3%  and  6.8%  of  the  gait  cycle  apart  from 
each  other.  Standard  deviations  between  gait  cycles  for  indi¬ 
viduals  were  also  fairly  low,  between  0.83%  and  5.8%  SD. 
The  mean  OHP  offset  during  gait  for  the  control  group  was 
about  4%  for  both  the  left  and  right  sides.  In  comparison, 
mean  OHP  offset  of  the  patient  group  was  larger,  ranging 
between  8%  and  15%,  with  higher  values  measured  in  the 
side  with  vestibular  deficit,  though  differences  in  phase 
decreased  over  time.  Larger  variability  in  the  vestibular 
group  was  also  observed  (Table  III).  Mauchley’s  test  indi¬ 
cated  that  assumption  of  sphericity  had  been  violated  for  the 
main  effect  of  time,  c2(2)  =  6.64,  p  -  0.036  when  determining 
significant  difference  in  OHP  offset  for  the  vestibular  defi¬ 
cient  side.  Therefore  degrees  of  freedom  were  corrected 
using  Greenhouse-Geisser  estimates  of  sphericity  (e  =  0.64 
for  main  effect  of  time  and  e  =  1 .00  for  main  effect  of  side). 
There  was  a  significant  main  effect  for  time,  F(  1 .28,  11.51)  = 
7.71,  p  =  0.013.  but  not  for  side  or  interaction  between  time 


TABLE  II.  Mean  and  standard  deviation  (SD,  given  in  parentheses)  values  of  subjects  for  timing  of  first  maximum  sacral  position  and  first 
overall  head  position  (OHP)  minimum  position  as  well  as  the  OHP  offset  (difference  between  the  timing  of  Sacral  Max  and  OHP  Min)  as  a 
percent  of  the  gait  cycle.  Both  the  healthy  control  group  and  vestibular  group  at  three  time  points  are  reported.  For  the  vestibular  group,  data  is 
reported  when  the  subject  took  a  step  on  the  side  with  his  vestibular  deficiency  (Deficient  side)  as  well  as  his  side  without  vestibular  deficiency 
(Nondeficient  side).  Left  and  right  sides  of  the  control  group  are  also  reported  for  comparison. 


Group  and  Side 

Time  of  Sacral  Max  M  (SD) 

Time  of  OHP  Min  M  (SD) 

OHP  Offset  M  (SD) 

Control  Group  Left  Side 

35.71  (1.82) 

35.40  (3.37) 

4.03(2.17) 

Control  Group  Right  Side 

35.89(1.95) 

36.77  (2.73) 

4.15(1.45) 

Vestibular  Tl  Deficient  Side 

35.31  (6.61) 

24.61  (9.62)* 

14.85  (7.83)* 

Vestibular  T2  Deficient  Side 

35.07  (2.57) 

29.01  (5.35)* 

10.53  (4.78)* 

Vestibular  T3  Deficient  Side 

34.74(1.60) 

30.95  (5.49)* 

10.21  (4.60)* 

Vestibular  Tl  Non  Deficient  Side 

36.81  (5.03) 

31.60(7.12) 

11.04  (3.76)* 

Vestibular  T2  Non  Deficient  Side 

34.83  (2.12) 

30.26  (6.44)* 

9.82  (2.53) 

Vestibular  T3  Non  Deficient  Side 

33.85  (1.84)* 

30.48  (5.72)* 

8.44  (2.32) 

‘Indicate  significant  differences  between  the  vestibular  group  and  the  control  group. 
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FIGURE  3.  Vestibular  group  sacral  (solid  line)  and  overall  head  position 
(dashed  line)  movements  over  the  gait  cycle  at  the  3  measured  time  points. 
Gait  cycle  starts  with  subjects  taking  a  step  on  their  side  with  vestibular 
deficit,  where  second  half  of  gait  cycle  is  subjects  taking  a  step  on  their  side 
without  deficit. 


and  side.  Post  hoc  tests  showed  a  significant  difference 
between  T1  and  T3  ( p  =  0.049),  but  not  between  T1  and  T2 
or  T2  and  T3. 

Independent  samples  /-tests  were  conducted  to  compare 
OHP  offset  between  the  control  group  and  vestibular  group 
at  each  time  point.  For  the  side  with  vestibular  deficiency  (for 
the  vestibular  group),  there  was  a  significant  difference  in 
OHP  offset  between  the  control  group  and  vestibular  group 
at  T1  [t(23)  =  -5.21,  p  <  0.001]',  T2  [t(23)  =  -4.883,  p  < 
0.001  ].  and  T3  [t(23)  =  -4.809,  p  <  0.001  ].  The  magnitude  of 
the  differences  in  the  means  was  relatively  large  (Cohen's  d > 
0.8)  for  all  time  points  (Cohen’s  d  \s  1.899  at  Tl,  1.804  at  T2, 
and  1.780  at  T3).  For  the  side  without  vestibular  deficiency, 
there  was  a  significant  difference  in  OHP  offset  between  the 
control  group  and  vestibular  group  only  at  Tl  [t(23)  = 
-5.926,  p  <  0.001].  The  magnitude  of  the  differences  in  the 
means  was  large  (Cohen’s  d  =  2.284). 

The  relationship  between  OHP  offset  values  and  a  clin¬ 
ical  measurement  of  vestibular  dysfunction  (FGA  scores) 
was  investigated  using  Pearson  product-moment  correla¬ 
tion  coefficient.  Preliminary  analyses  were  performed  to 
ensure  no  violation  of  the  assumption  of  normality,  linear¬ 
ity,  and  homoscedasticity.  There  was  a  small,  negative  cor¬ 
relation  between  the  two  variables  [r  =  -0.29,  n  =  30.  p  = 
0.117],  with  higher  OHP  offset  values  associated  with  lower 
FGA  scores. 

DISCUSSION 

This  is  the  first  study  to  report  head  and  BCOM  relationships 
of  persons  with  mTBI  during  gait.  For  stability  of  visual 
imagery  while  walking,  the  vertical  motion  of  the  head  is 
adjusted  by  moving  antiphase  to  the  body  to  minimize  verti¬ 
cal  excursions  of  the  eyes  during  the  gait  cycle.  As  in  previ¬ 
ous  experiments,  our  data  demonstrate  the  values  of  head 
motion  were  much  lower  than  the  sacral  movement  range  for 
both  the  vestibular  and  control  groups,23  indicating  that  the 
brain  actively  controls  the  body  during  normal  walking  to 
stabilize  the  head.  In  general,  persons  with  TBI  undergoing 
vestibular  physical  therapy  seem  to  have  difficulty  with  head 
stabilization,  as  demonstrated  with  the  larger  head  motion, 
marked  out-of-phase  head  movement,  and  larger  variability 
between  head  and  BCOM  movement  compared  to  the  control 
group,  particularly  when  measuring  the  side  with  vestibular 
deficit.  It  appears  that,  over  time  and  with  therapy,  head 
stabilization  improves— demonstrated  by  the  improved  gait 
phase  tracking — and  moves  toward  a  head  motion  pattern 
more  similar  to  the  control  population.  This  important  obser¬ 
vation  suggests  that  retraining  or  adaptation  of  neuromuscular 
programmed  activity  is  occurring  with  vestibular  rehabilita¬ 
tion.  The  increase  in  gait  speed  over  time  for  the  vestibular 
group  may  also  play  a  role  in  head  movement  pattern  changes. 
It  would  be  beneficial  to  compare  speed  matched  controls  in 
future  studies. 

For  the  vestibular  group,  the  side  without  vestibular  defi¬ 
ciency  showed  more  similar  values  in  OHP  offset  to  the 
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TABLE  III.  Mean  overall  head  position  offset  and  standard  deviation  (SD.  given  in  parentheses)  values  for  all  gait  cycles  for  each  patient  participating  in  vestibular  therapy  at  each 
timepoint  and  for  both  the  side  with  vestibular  deficiency  and  side  without  vestibular  deficiency  (Nondeficient  side).  Functional  Gait  Assessment  (FGA)  scores  at  the  same 

timepoints  are  also  reported.  Overall  mean  and  standard  deviation  of  all  subjects  is  reported  on  the  last  line. 
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control  group  compared  to  the  side  with  vestibular  defi¬ 
ciency.  This  suggests  better  antiphase  patterns  between  the 
sacrum  and  head  when  taking  a  step  on  the  sound  side 
compared  to  the  side  with  vestibular  deficit.  The  sinusoidal 
pattern  of  the  sacrum  was  observed  for  all  groups  and  time 
points  (though  amplitude  changed),  but  pattern  in  OHP  was 
variable  for  the  vestibular  group  over  lime.  Deficits  are  most 
likely  because  of  abnormal  head  movement  at  the  earlier 
time  points,  with  an  antiphase  pattern  between  the  head 
and  BCOM  least  evident  when  stepping  on  the  side  with 
vestibular  deficit  (Fig.  4).  Large  variations  in  head  move¬ 
ment  of  the  vestibular  group  made  it  difficult  to  determine 
any  clear  patterns  of  movement  as  a  group,  suggesting  dis¬ 
ruption  or  delay  of  the  neural  programs  for  motor  stabiliza¬ 
tion  of  the  head.  OHP  movement  patterns  may  be  related  to 
the  type  of  vestibular  deficit  each  subject  exhibited,  and 
should  be  explored  in  future  studies.  Increasing  the  sample 
size  of  the  vestibular  patients  may  also  show  stronger 
relationships  in  OHP  offset,  head  stabilization,  and  vestibu¬ 
lar  dysfunction. 

The  correlation  between  OHP  offset  and  FGA  was  small. 
It  is  possible  the  FGA  measurement  is  not  sensitive  enough 
for  measuring  head  stabilization  or  that  there  was  a  ceiling 
effect  of  the  FGA  for  some  vestibular  patients  in  this  study 
(8  of  the  10  subjects  reached  the  maximum  score  at  T3). 
Previous  research  has  shown  that  the  minimal  detectable 
change  (pre-  to  post-treatment  change  that  exceeds  chance 
variation)  in  persons  with  balance  and  vestibular  disorders 
was  estimated  to  be  6  points.24  Only  3  of  the  10  patients  met 
this  degree  of  change  with  a  difference  of  4.8  points 
between  the  overall  mean  scores  at  T1  and  T3,  but  this  is 
currently  one  of  the  few  objective  clinical  measures  involv¬ 
ing  walking  tasks.  OHP  offset  data  may  help  to  measure 
changes  in  head  stabilization  that  the  FGA  test  may  not  be 
sensitive  enough  to  measure.  Future  work  should  focus  on 
correlating  OHP  offset  measurements  with  other  clinical 
head  stabilization  tests,  such  as  the  Dynamic  Visual  Acuity 
Test  and  Gaze  Stabilization  Test,  and  how  these  compare 
over  time  with  vestibular  physical  therapy.  It  would  also  be 
beneficial  to  compare  OHP  offset  data  from  a  similar  group 
of  individuals  with  vestibular  dysfunction  over  time  who  are 
not  receiving  vestibular  physical  therapy  or  those  receiving 
targeted  head  stabilization  activities  to  determine  what 
changes  are  occurring  because  of  the  therapy  itself.  Finally, 
further  analyses  in  head  and  body  movement  in  all  three 
planes  of  movement  (sagittal,  coronal,  and  transverse)  may 
provide  a  better  picture  of  vestibular  deficit. 

CONCLUSION 

This  study  used  a  simple  measurement  of  head  stabilization 
to  help  understand  stability  and  ambulation  of  persons  with 
mTBI.  The  data  suggest  that,  over  time  with  treatment,  head 
stabilization  improves  and  moves  toward  a  pattern  similar 
to  that  of  a  healthy  control  population.  Although  some  sig¬ 
nificance  was  found  in  head  stabilization  measurement. 
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FIGURE  4.  Mean  overall  head  position  (OHP)  (or  generalized  sagittal 
head  angle)  curves  for  individual  vestibular  subjects  at  each  time  point. 
Several  subjects  did  not  display  the  double  sinusoidal  motion  (two-hump) 
pattern  as  displayed  by  the  control  group  or  that  seen  with  typical  normal 
walking  at  the  earlier  time  points,  but  began  to  display  it  at  later  lime  points. 
Over  time,  subjects  also  showed  less  bias  towards  positive  OHP  motion,  and 
was  more  centered  around  neutral  (0).  Gait  cycle  starts  with  subjects  taking  a 
step  on  their  side  with  vestibular  deficit,  where  second  half  of  gait  cycle  is 
subjects  taking  a  step  on  their  side  without  deficit. 


OHP  offset  over  time,  there  was  large  variability  between 
gait  cycles  for  each  subject  and  between  vestibular  subjects. 
This  technique  of  measuring  head  compared  with  body 
movement  could  be  transferred  to  smaller,  portable  systems 
easily  utilized  in  physical  therapy  training  and  assessments. 
Inertial  measurement  units  are  small,  mobile  devices  that  can 
be  easily  placed  on  the  head  and  torso  to  get  similar  data  as 
reported  above,  but  they  do  not  need  optical  motion  capture 
cameras  and  associated  space  requirements.  Other  small  por¬ 
table  camera  systems,  such  as  a  Kinect  (Microsoft  Corpora¬ 
tion,  Redmond,  Washington),  may  also  have  the  potential  to 
measure  these  movements  in  a  clinical  setting.  Variability  of 
the  head  movement  patterns,  and  differences  in  phase  of  head 
movement  compared  to  body  movement,  may  be  a  way  to 
readily  detect  head  stabilization  issues  or  measure  improve¬ 
ments  in  head  stabilization  over  time  and  with  therapy. 
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